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d → µμ can strongly constrain beyond the standard model physics. For example, in supersymmetric models with broken R-parity (RpV), they restrict the size of the new couplings. We use the combination of the public software packages SARAH and SPheno to derive new bounds on several combinations of RpV couplings. We improve existing limits for the couplings which open tree-level decay channels and state new limits for combinations which induce loop contributions. This is the first study which performs a full one-loop analysis of these observables in the context of R-parity violation. It turns out that at one-loop despite the strong experimental limits only combinations of R-parity violating couplings are constrained which include third generation fermions. We compare our limits with those obtained via B → X s γ and discuss the differences.
I. INTRODUCTION
The first experimentation phase of the experiments at the Large Hadron Collider (LHC) is completed. However, there is no evidence or hint up to now for superpartner particles as predicted by the well-motivated theory of supersymmetry (SUSY) or any other physics beyond the Standard Model (SM) [1] [2] [3] [4] [5] . The simplest SUSY scenarios like the constrained minimal supersymmetric standard model (CMSSM) is under pressure by the ongoing non-discovery, leading to the exclusion of large areas of parameter space [6] [7] [8] . In addition, the observed mass of m h ≈ 126 GeV for the Higgs boson [9, 10] is rather hard to realize in the CMSSM and requires heavy SUSY spectra to push the predicted Higgs mass to that level [6, 8, 11] . However, this applies only if the stop and the other sfermion masses are related. While heavy stops with a large mass splitting are needed to explain the Higgs mass, the other sfermion contributions are usually sub-dominant in this context. Hence, these states could in principle be much lighter. However they are constrained by direct searches. Therefore SUSY models with different signatures like R-parity violation (RpV) are more interesting since they can significantly soften the mass limits [12] [13] [14] [15] [16] [17] and provide a rich collider phenomenology [18] . On the other hand, beyond the standard model (BSM) physics can not only manifest itself directly at collider searches, but also indirectly via quantum corrections to (rare) standard model processes. Interesting processes are those which rarely occur in the SM but which can be measured with high accuracy. In this context quark flavor changing neutral currents (qFCNC), like B → X s γ [19] [20] [21] [22] and the decays of the neutral B 0 mesons (B 0 s , B 0 d ) into a pair of leptons [23] are interesting candidates to look for deviations from the SM.
In this paper we focus on the constraints on R-parity violating couplings derived from the experimental limits on B 0 s,d → µμ and B → X s γ. Previous studies of B → X s γ in this context assumed a SUSY spectra no longer in agreement with experimental data [24, 25] , while for B-meson decays to two leptons only the new tree level contributions have been studied so far [26] [27] [28] . We perform a full one-loop analysis of B 0 s,d → µμ which allows us to constrain new combinations of couplings besides those at tree level. For this purpose we use the combination of public software packages SARAH [29] and SPheno [30] . SARAH creates new source code for SPheno which can be used for the numerical study of a given model. Recently, this functionality has been extended to provide a full one-loop calculation of B 0 s,d → ¯ [31] . We compare the new limits with those obtained by a revised study of B → X s γ and discuss the differences between both observables.
We briefly review the main basics of the B-decays in sec. II and introduce the MSSM with R-parity violation in sec. III. We explain the numerical setup in sec. IV and present our results in sec. V, before concluding in sec. VI.
II. STANDARD MODEL PREDICTIONS AND MEASUREMENTS FOR
The semi-leptonic B 0 decay is described by a matrix element M as a function of the form factors F S , F P , F V , F A for the scalar, pseudoscalar, vector and axial vector currents. The squared matrix element [32] 
determines the branching ratio BR (B 0 q → k¯ l ) [32] ,
where τ B 0 q is the lifetime of the mesons and m k the mass of the lepton k . Note that the form factor F V does not contribute to Eq. (1) in the case l = k. These decays are fixed in the SM by the CKM matrix and the form factors can be calculated with a high precision. The predicted branching ratios for B 0 s,d → µμ are [33] .
The errors include experimental uncertainties of the involved parameters as well as uncertainties from higher orders and scheme dependence. These predictions neglect the CP violation in the B s -B s system which leads to a difference in the decay widths for B 0 s andB 0 s [34] . When it is not known in the experiment whether a pair of muons comes from the decay of a B 0 s or aB 0 s , the untagged decay rate is measured. Therefore, one has to compare the LHC limits with the averaged
The width difference between B 0 d andB 0 d is much smaller than for the B s system and is not measured accurately. Hence, we use the untagged rate in the following. Eq. (5) is consistent with the recently updated measurements for B s → µμ at the LHC [36, 37] ,
In addition, the experimental upper limit for [37] BR(B
is approaching the SM expectation. These measurements shrink the space where one can hope to see new physics. Especially SUSY scenarios with large tan β can lead to a prediction of these decays which is now ruled out [38] .
To compare the bounds of these two observables with our calculation and to put limits on the SUSY contributions, we consider the ratio
in which the finite width effects factor out. Note, BR SUSY includes also the SM contributions.
Together with Eqs. (6) and (7), we obtain an allowed range of
Here, we assumed a combined total uncertainty of 20% on the upper (and lower) limit, which includes the errors of the SM prediction and of our SUSY calculation.
The main contribution to the radiative B-meson decayB → X s γ stems from the partonic process b → sγ. The standard model prediction [20] [21] [22] Br(B → X s γ) SM = (3.15 ± 0.23) × 10 −4 ,
has to be compared with the experimental limit of [39] Br(B → X s γ) = (3.55 ± 0.24 ± 0.09) × 10 −4 .
To derive bounds on the RpV couplings from B → X s γ we follow closely the approach of Ref. [38] and use as 95% C.L. limit 0.89 < R Xsγ < 1.33 ,
with
III. R-PARITY VIOLATION AND NEUTRAL B-MESON DECAYS R-parity is a discrete Z 2 symmetry of the MSSM which is defined as
where s is the spin of the field and B, L are its baryon respectively lepton number. If we just allow for R-parity conserving parameters and assume the minimal set of superfields which is anomaly free and needed to reproduce the SM, we are left with the (renormalizable) superpotential of the
Here a, b = 1, 2, 3 are generation indices, while we suppressed color and isospin indices. The corresponding standard soft-breaking terms for the scalar fields L, E, Q, U , D, H d , H u and the gauginos
The bi-and trilinear operators in eqs. (18) and (19) violate lepton number, the operators in eq. (20) violate baryon number. The corresponding soft-breaking terms for these interactions are
The terms involving λ (or λ , λ ) are called LLE interactions (or LQD, UDD) in the following.
Since proton decay is always triggered by a combination of baryon and lepton number violating couplings, a model with either / L or / B terms is safe from rapid proton decay. We are going to study in the following the impact of the new couplings present in W tri/ L and W / B on neutral B-meson decays. The bilinear terms κ i can be absorbed in λ by a redefinition of the superfields at a given scale [12, 40] . λ and λ are antisymmetric in the first two indices,
leaving nine independent components to λ and λ . The λ tensor has 27 independent components.
However, only specific combinations of the parameters can significantly enhance the B-meson decay rate, which do not rely on sub-dominant sfermion flavor mixing:
1. LLE × LQD: Taking into account both trilinear / L operators, there are s-channel tree level 
with i = 1, 3 as well as j = 2 (for B s ) or j = 1 (for B d ). Since λ is antisymmetric in its first two indices, the case i = 2 is vanishing. However, if one includes other sources of flavor violation like the t-W -loop in the SM or possible SUSY loops, other combinations of couplings can cause sizable contributions:
For the cases (j, X) ∈ {(1, 2), (1, 1), (2, 2), (3, 3)} a 'SUSY-penguin' is possible with the ex- 
with j = 2 (for B s ) and j = 1 (for B d ). However, also here it is possible that other loops already change the flavor of the involved quarks leading to indirect tree level decays. This could then cause new contributions for the following pairs of couplings:
with (j, X) ∈ {(1, 2), (1, 1), (2, 2), (3, 3)}. Other possible combinations are already covered by eq. (27) . For j = X, it is even possible to constrain not a pair of couplings but single couplings:
One-loop contributions via Z or Higgs penguins (see Fig. 2 , and for more details Fig. 3 ) can be triggered by several combinations of LQD couplings.
For k = 2, the same couplings contribute also to B → X s γ via the diagrams depicted in Fig. 4 .
UDD × UDD:
If we consider the UDD operator, the products of couplings
allow for one-loop decays. The combinations λ * i12 λ i13 cause also new contributions to B → X s γ.
There are, of course, also other combinations of parameters which could contribute to other decays like those with two electrons, two τ s or two different lepton flavors in the final state. However, the experimental limits for these observables are much weaker. In practice, these parameters just receive upper limits in the case of tree level decays which has been studied in Ref. [26] . Furthermore, pairs of λ-couplings can cause new contributions to lepton flavor violating observables like µ → 3e at tree-and one-loop level. This has already been studied in Ref. [41] . Before we turn to the numerical analysis, we perform a short analytical discussion of the decays at one-loop. The Zpenguin contributions usually dominate for not too large tan β and/or not too light CP-odd scalars.
The corresponding one-loop diagrams shown on the left in Fig. 2 consists of vertex corrections as well as self-energy corrections as depicted in Fig. 3 . The only masses in the loop are those of one SM fermion m f and of the sfermions which we assume for the moment to be degenerate with mass mf . In addition, we neglect squark mixing in this discussion. Using the generic results from Ref. [31] , we can express the amplitude A RX corresponding to the effective four fermion operators
Here, we assumed a LQD × LQD contribution, but similar expressions are obtained in the case of UDD × UDD. In addition, we parametrized the chiral coupling of the Z to the SM fermion in the loop with Z . Zf is the coupling of the Z to the sfermion in the loop. In addition, we neglected all external momenta and masses. Using the analytical expressions for the Passarino-Veltman integrals given in the appendix of Ref. [31] the sum of all diagrams can be simplified to
Obviously, there is a strong dependence on the mass of the SM fermion in the loop. Since this is the case as well for the Higgs penguins which involve Yukawa couplings, one can expect that there is a large hierarchy between the bounds derived for the different combinations of RpV couplings depending on the generation of SM particles involved. Furthermore, since down-type squarks only enter together with neutrinos, their contribution is always completely negligible. This is different than B → X s γ since the Wilson coefficients C 7 and C 7 which trigger this processes don't have the proportionality to the fermion mass in the loop [24, 25] . Making the same assumption of vanishing squark flavor mixing, we can express the coefficients as
Here, we also took the limit m 2
→ 0 in comparison to Ref. [24, 25] . There is no dependence on the internal fermion mass left. This reflects also in the derived limits which are independent of the involved generation of SM fermions [24] :
IV. NUMERICAL SETUP For our analysis we have generated SPheno modules by SARAH for the two models MSSMBpV (MSSM with Baryon number violating RpV couplings) and MSSMTriLnV (MSSM with trilinear Lepton number violating RpV couplings) which are part of the public SARAH version [29] . The
SPheno modules generated by SARAH provide Fortran code which allows a precise mass spectrum calculation using two-loop renormalization group equations (RGEs) and one-loop corrections to all masses. In addition, it calculates the decay widths and branching ratios of all Higgs and SUSY particles and calculates several observables like l i → l j γ, l i → 3l j or ∆ρ at full one-loop. We are going to use in the following especially the predictions for B 0 s,d → µμ and B → X s γ of the code. The calculation of B 0 s,d → µμ in these SPheno modules has been discussed in detail in Ref. [31] , while B → X s γ is based on the results of Ref. [42] . The parameter scans have been performed with SSP [43] .
As a starting point we choose a point in the MSSM parameter space, which reproduces the right Higgs mass and is in no conflict with any other experimental measurements. benchmark points fulfilling these constraints has been proposed in [44] within the framework of the phenomenological MSSM (pMSSM) without RpV [45] . This simplified model consists of a subset of 19 MSSM parameters in contrast to the most general MSSM with more than 100 parameters.
The basic assumptions are CP conservation, Minimal Flavor Violation, degeneracy of the first and second sfermion generations and vanishing Yukawa couplings for the first two generations, and the lightest neutralino as a dark matter candidate. The benchmark points are chosen to satisfy the latest LHC 7/8 TeV searches, the Higgs mass at 126 GeV, as well as precision observables
) and cosmological bounds. We chose the point # 2342344 because it features a compressed and relatively light spectrum compared to the spectra of other benchmark points. Hence, it is expected to provide the most significant limits in the following. In addition we checked with Vevacious that it has a stable, electroweak vacuum [46] .
The input parameters are given in Tab. I and the spectrum is given in Tab. II. As SM input and for the hadronic variables we used the values given in Tab. III and IV.
The MSSM predicitions without RpV for this point for the B-decays are a little bit above the SM predictions, but well inside the allowed range. The origin of the difference is a significant contribution stemming from chargino loops. To study the impact of the RpV couplings, we used the running parameters for this point at Q = 160 GeV as calculated by SPheno in the MSSM. In this way we disentangle the effect of the new parameters in the RGE evolution. Afterwards RpV is "switched on" by raising the values of certain combinations of RpV couplings, which enhance or reduce the branching ratios. one is kept fixed and the other one is varied within a range from 10 −5 up to O(4π).
BR(B
It is important to mention that the product of two couplings (say, λ * ijk λ lmn ) has a relative phase σ to the SM or other SUSY contributions, which can be chosen freely. To study the impact of this phase on the branching ratios, we use both, λ * λ > 0 and λ * λ < 0, in the scans. The same holds for the other RpV couplings. Usually, there is constructive interference with the SM contributions for one sign and destructive interference for the other sign. We concentrate in our studies on the case of real λ-couplings. The impact of complex RpV couplings on tree level decays is discussed in Ref. [28] .
V. RESULTS

A. Tree Level Results
Direct Tree Level
We first present our results for the only case which has been so far considered in the literature for semi-leptonic B-meson decays in the context of broken R-parity: combinations of couplings which can cause these decays at tree level. In general the tree level diagrams are not the only relevant SUSY contributions. Especially chargino loops can have a non negligible effect as shown in the previous section. However, we ignore these contributions as is usually done in the literature for a moment since they introduce a dependence on several SUSY masses and parameters. Under this assumption, the matrix element is proportional to λ * λ /m 2 f , i.e. it depends only on the RpV couplings and the mass of the propagating sfermion. This scaling is also reflected in our numerical analysis as shown for a representative case on the left in previous studies. The extracted limits for λ i22 λ i23 are
Recently published results for these bounds have been [27] 
As we pointed out in the introduction, a product like λ * λ (or λ * λ ) has a phase σ relative to the SM contributions. By choosing σ = ±1, we obtain the positive and negative bound given in eqs. (43) .
For σ = −1 constructive interference between the SM and RpV contributions appears and we obtain the stronger limit (−3.25 × 10 −11 [m ν i ] 2 ), which is comparable to the one in eq. (44) from Ref. [27] , but slightly better, because we used an updated experimental bound. The reason that the limit for the destructive phase is much weaker is not only the asymmetric bounds in eq. for light sfermions this can cause a pronounced difference and leads not only to an off-set but also to a different slope. Hence, if one studies areas in the parameter space of RpV SUSY containing light squarks it might not be sufficient to consider just the simplified limits usually discussed in this context, but each point has to be studied carefully.
Indirect Tree Level Results
There is another class of combinations for SUSY-penguins described in eq. (26) only to some extent: the squark masses appear not only in the propagator but also in the important chargino loop. In general the resulting limits are worse than for the pure tree level contributions: for our benchmark point with m ν i ≈ 1 TeV, the bounds are between 0.33 and 4 × 10 −3 . Nevertheless, these limits are still competitive with those of direct tree level semi-leptonic decays of other mesons. For instance, the combination λ * i22 λ i12 is also constrained by searches for K 0 → µμ. The tree level limit based on this observable is given Indirect Tree Level
TABLE VI: Collection of bounds from decays with sfermions in the propagator which rely on a flavor change in one SM or SUSY loop ('indirect tree level'). We used the input parameters given in Tab. I. The notation
by [14] 
which we improve on at one side of our asymmetric bound by about one order magnitude.
We don't give the limits for other parameter combinations of λ * λ which would in principle also contribute to indirect tree level decays: (2ij) × (2i3) and (2ij) × (2i2) (j = 2). These are partially already constrained by B 0 d → µμ. In addition, there is always a superposition of two contributions |λ 2i3 | 2 + λ * 2ij λ 2i3 which does not provide a clean environment to derive limits only on just one combination.
B. One-Loop Results
In Tab. VII we summarize the limits on those RpV couplings which lead to additional one-loop contributions to the neutral B-meson decays. In general one can see that in most cases, in which it is possible at all to obtain a limit from the leptonic decays, that the limits are stronger than for the radiative decay. The is the case for couplings which include heavy SM fermions. In contrast One-Loop Level
Collection of bounds for decays at one-loop level for the input parameters given in Tab. I. Ø means that the limit is outside the perturbative range, while the couplings marked with X don't contribute to B → X s γ . The parameter dependence of the bounds is discussed in detail in the text.
B → X s γ puts limits on all combination independently of the involved SM fermion of roughly the same order. This different behavior can be understood from eq. (37) in comparison to eq. (38).
The obtained limits for B → X s γ are in agreement with previous results given in eqs. (39) to (41) but slightly stronger since we included the chargino loops in our analysis.
Since it is not possible to parametrize the limits as a function of the relevant SUSY masses in contrast to the tree level decays, we are going to discuss the dependence on the different masses and parameters in more detail in the following.
One-Loop Results for LQD
It is well known that in the MSSM the most important SUSY corrections to B 0 s → µµ are due to chargino-loops [23] . These loops have a very strong dependence on tan β and scale as ∝ tan 6 β [47] .
Therefore, we start with a discussion of this effect and check how the bounds for our benchmark point change as a function of tan β. The results for each scan are given in a contour plot where the height corresponds to the upper bound of the λ * λ combination. Note, the contours are rescaled by a factor given in the title of the plot. The variation of the different parameters changes, of course, also the Higgs mass. However, the contribution of a SM-like Higgs to the observables under consideration is negligible. Therefore, it is not necessary to take this effect into account in the following discussions.
The plots in the first row of Fig. 6 show an exclusion limit for large tan β with small m A (Fig. 6a, above the red dashed line) and for small stop masses m t L/R (Fig. 6b, below signficantly: in the case of contructive interference (Fig. 6d) the bounds improve by about one order of magnitude between tan β = 5 and 50. For destructive interference (Fig. 6c ) the bounds are relaxed by a factor of about 1.5.
The variation of tan β together with the trilinear soft-breaking parameter T u is shown in Fig. 7 .
The more negative the parameter (T u ) 33 , the larger is the mass splitting between the stop squarks and the lighter is the lightest stop squark. Hence, the limits for the couplings increase (decrease) for decreasing (T u ) 33 We turn now to a discussion of the impact of the different masses appearing in the loop. In general, the case λ * ijX λ ij3 (X = 1, 2) is sensitive to different squark and slepton masses. To make this dependence visible we have varied independently the entries m 2 L,ii and m 2 Q,jj of the softbreaking masses. The masses that appear in the plots are running DR masses. If a mass is called m t L , this actually means the mass of the mass eigenstate t i which is mainly t L -like according to the mixing matrix. As an example, we show the upper limit on a specific combination with only third generation sfermions, λ * 332 λ 333 . In Fig. 8 the upper limits are shown as a function of the masses of the involved top squark ( t L ) and stau (τ L ). The first row corresponds to a phase −1 (constructive interference for B 0 s → µμ) and the second row to a phase +1 (destructive interference for B 0 s → µμ). The left column shows the bounds from the decay B → X s γ , which turn out to be weaker than those from the decay B 0 s → µμ (right column). Interestingly, the choice of sign Finally, we can also check how well B 0 s → µμ has to be measured to constrain the squark masses for a given order of RpV couplings. This is done in Fig. 9 where we plot R s as function of the involved masses assuming λ * 332 λ 333 = −0.1. The region below the red dashed line (small squark masses) would then be excluded by the current upper bound on BR(B 0 s → µμ) . Obviously, if both sfermions are heavier than 2 TeV, the entire contribution is of at most 20% of the SM contribution. This is the same order of magnitude as the theoretical uncertainty which we have assumed.
One-Loop Results for UDD
When considering UDD couplings, the masses appearing in the loops from RpV contributions are the right handed squarks, d Ri , u Ri . The stop mass also influences the chargino contribution to B 0 s,d → µμ , which has already been shown in Fig. 6 (top right) for vanishing RpV contributions. When RpV contributions are considered, they come "on top". Thus we expect to see slightly better constraints than in the LQD case. Indeed, in the case of constructive interference (Fig. 10, right side) the constraints are of the order 10 −2 . Like in the LQD case, there is almost no down squark mass dependence in Fig. 10 (left) , except for low stop masses and high d R masses. In contrast, the limits obtained by B → X s γ show nearly the same dependence on m( d R ) and m( t R ) as depicted on the left hand side of Fig. 10 . In contrast to LQD there is positive interference for B 0 s,d → µμ in the case of λ * λ < 0 and destructive interference for positive couplings. B → X s γ shows again exactly the opposite behavior.
VI. CONCLUSION
We have presented the first one-loop analysis for B 0 s,d → µμ in the MSSM with broken R-parity. All combinations of couplings between the operators λLLE and λ LQD, as well as λ UDD have been considered. We have extracted updated limits on combinations which can trigger B 0 s,d → µμ either at tree or one-loop level for one benchmark point and discussed the dependence of these limits on the different parameters.
In this context we have pointed out that a tree level analysis alone might not be sufficient but the bounds and the general behavior can change when including loop-effects due to other SUSY particles. In addition, we presented a set of couplings which lead to 'SUSY penguins'. These s,d → µμ and B → X s γ , i.e. depending on the sign one has destructive interference between the SM and RpV for one observable and constructive for the other.
